• DNA methylation changes during the development of DS-AMKL occur in sequential waves of opposing losses and gains of methylation. • Each wave of DNA methylation abnormalities targets specific gene networks that contribute to distinct biological features of the disease.
Introduction
Acute megakaryoblastic leukemia (AMKL) is a rare form of acute myeloid leukemia (AML), accounting for only 1% to 2% of all de novo AMLs and as much as 10% of pediatric AML. 1, 2 Moreover, its incidence is several-hundredfold higher in patients with Down syndrome (DS) than in children without DS. 3 Four to 5% of DS fetuses develop a preleukemic transient myeloproliferative disorder (DS-TMD), diagnosed at the time of birth, that spontaneously resolves within a few weeks in the majority of patients. 4, 5 Within the first 4 years of life, approximately 20% of DS cases that develop TMD in utero will develop AMKL (DS-AMKL). [6] [7] [8] [9] DS-TMD and DS-AMKL invariably present with acquired mutations in the GATA1 gene that encodes a master regulator of erythromegakaryocytic development. These mutations arise in utero and result in the expression of a short isoform of the GATA1 protein, known as GATA1s. 6, 10 Oncogenic cooperation between GATA1 mutations and trisomy 21 is associated with the development of DS-TMD and DS-AMKL. However, several observations in animal models [11] [12] [13] and in human specimens [14] [15] [16] [17] [18] strongly suggest that additional genetic events are required to develop leukemia, but it is still unclear how they may contribute to the phenotypic progression to AMKL. Moreover, the mechanisms behind the spontaneous remission of DS-TMD and the subsequent progression to DS-AMKL are still not fully understood.
Abnormalities in DNA methylation are a hallmark of AML and have been shown to display subtype specificity. 19, 20 Moreover, murine models have been used to show that impaired DNA methyltransferase 1 activity results in a decrease in the leukemogenic potential of the MLL-AF9 fusion oncogene. 21, 22 Notably, despite the extensive research into the genetics of DS and DSrelated leukemias, little is known about the state of DNA methylation in TMD and DS-AMKL and how epigenetic changes might contribute to malignant transformation. In order to address this question we performed genome-wide DNA methylation profiling on specimens obtained at different stages of the disease and analyzed the dynamics of epigenetic reprogramming in the development of DS-AMKL.
Methods

Samples
Fetal liver mononuclear cells (MNC) with either a normal karyotype or trisomy 21 were obtained from 2nd-trimester abortions. MNC cells were isolated using a standard Ficoll separation method from a cohort of 7 DS-associated acute megakaryoblastic leukemias (DS-AMKL), 6 cases of transient myeloproliferative disorder (DS-TMD), and 8 acute megakaryoblastic leukemias from adults without DS (non-DS-AMKL) received through the Children's Oncology Group and Eastern Cooperative Oncology Group leukemia tissue banks. Supplemental Table 1 (found on the Blood Web site) describes the patients' characteristics. The diagnosis of megakaryoblastic leukemia was established by morphology and confirmed by immunophenotyping. Institutional review board approval was obtained at Weill Cornell Medical College, University of Pennsylvania, Children's Hospital of Michigan, and the University of Michigan. Eight specimens of human CD34 1 bone marrow cells were provided by the Stem Cell and Xenograft Core Facility of the University of Pennsylvania or purchased from AllCells (Emeryville, CA). These studies were performed in accordance with the Declaration of Helsinki protocols.
DNA methylation by HELP
Genomic DNA was extracted using the Puregene kit from Qiagen (Valencia, CA) or a standard phenol-chloroform isolation followed by ethanol precipitation. HELP (HpaII tiny fragment enrichment by ligation-mediated polymerase chain reaction) representations were prepared from 100 ng of DNA as previously described 23, 24 and hybridized onto a custom longoligonucleotide microarray designed to cover HpaII amplifiable fragments (HAF) at gene promoter regions. HG19 array was manufactured by Roche-NimbleGen, design ID: 100128_HG19_MKF_HELP_ChIP, covering 117 521 HAFs annotated to 29 606 unique RefSeq genes. MM9 array was manufactured by Roche-NimbleGen, design ID: 100520_MM9_KF_Meth, covering 119 260 HAFs annotated to 24 377 unique RefSeq genes. All samples were processed and hybridized at the Weill Cornell Medical College Epigenomics Core Facility. Labeling, hybridization, and scanning were performed as previously described. 25 Quality control and array normalization were performed following our previously described methods, 26 and any arrays that did not pass our quality control were excluded from the analysis. In order to correct for the introduction of hybridization batch effect, we subjected each individual channel to batch correction using the ComBat algorithm, 27 and the adjusted channels were then used to calculate the final HpaII:MspI ratio.
Microarray analysis
Supervised analysis for the different group comparisons was performed using Bioconductor and the R 2.15 statistical software, and the genefilter, stats, and gplots packages. Pairwise comparisons were performed using Student t test, followed by adjustment of the P value with the Benjamini-Hochberg approach for multiple comparisons. 28 Significant differences were defined as those with adjusted P value , .05 and an absolute difference in log 2 (HpaII/MspI) .2, which corresponds to a minimal methylation difference of 30%.
Gene expression arrays
Normalized gene expression values for DS-AMKL, non-DS-AMKL, and DS-TMD specimens were downloaded from the GEO repository from the study by Bourquin et al 29 (accession number GSE4119). Gene set enrichment analysis was performed using the Molecular Signatures Database (MSigDB) c1 collection (positional). 30 
Network and pathway analysis
Network and pathway analysis using the Ingenuity Pathway Analysis software (Ingenuity Systems, Redwood City, CA) was performed using the signatures identified for the different comparisons and the Ingenuity Knowledge database as a background reference. Network significance was scored as the negative exponent of the right-tailed Fisher exact test used to estimate the likelihood that the network-eligible molecules that are part of a network are found therein by random chance alone.
Trisomic mice cells
Bone marrow cells were isolated from the long bones of either Ts1Rhr or wild-type mice at .12 months of age from 3 independent experiments. CD41 1 cells were isolated from red cell lyzed whole bone marrow cells by fluorescence-activated cell sorter using an anti-CD41 antibody (Emfret, Germany). The animal study was approved by the Northwestern University Institutional Animal Care and Use Committee.
Accession numbers
All microarray data generated for this study was deposited in the Gene Expression Omnibus database under accession number GSE46167.
Results
With the goal of studying epigenetic deregulation associated with malignant transformation in the hematopoietic system of Down syndrome patients, we performed genome-wide DNA methylation analysis using the HELP assay 23,24 on a custom high-density oligonucleotide array designed to query to methylation status at ;200 000 distinct CpG sites (annotated to 29 606 RefSeq genes). Given that the HELP assay uses as a reference an MspI-restricted representation of the patient's own genome, which serves as an internal control for copy number and sequence variants, 24, 31 the presence of a trisomic chromosome in some of the specimens in this study is automatically controlled for and does not have an impact on the ability of the assay to detect methylation differences, even within chromosome 21. In order to evaluate epigenetic changes during the different stages of disease development, the following samples were collected: fetal liver (FL) MNC with normal karyotype (FL-MNC, n 5 4), trisomy 21 FL MNC (Tri21 FL-MNC, n 5 4), MNC from Down syndrome patients with either transient myeloproliferative disorder (DS-TMD, n 5 6) or acute megakaryoblastic leukemia (DS-AMKL, n 5 7), and MNC cells from patients with adult non-DS-AMKL (n 5 8).
DS-AMKL is epigenetically distinct from non-DS-AMKL
DNA methylation patterns in AML are not uniform across all subtypes, and distinct epigenetic profiles characterize the different cytogenetic and molecular subtypes of AML. 19, 20 Given this fact, the first goal of our study was to define the nature and extent of epigenetic abnormalities in leukemic blasts of DS-AMKL. Therefore, we compared the DNA methylation status of DS-AMKL blasts to that of normal CD34 1 hematopoietic cells isolated from the bone marrows of healthy donors (n 5 8). At a false discovery rate (FDR) of 5% and a minimum methylation difference of at least 30% between the 2 groups (absolute log 2 (HpaII/MspI) difference .2), we identified 1396 differentially methylated regions (DMRs), of which 96% (n 5 1339) were aberrantly hypomethylated in the leukemic samples in relation to the normal CD34 1 cells ( Figure 1A -B; supplemental Table 2 ). In order to ensure that the detection of such profound hypomethylation was not due to an artifact generated by the comparison of the more fetal-like hematopoiesis of the DS-AMKL to a normal cohort obtained from adult CD34 1 cells, we also compared DS-AMKL specimens to control FL-MNCs and found an e34 MALINGE et al BLOOD, 3 OCTOBER 2013 x VOLUME 122, NUMBER 14 identical pattern of profound hypomethylation in the DS-AMKLs in relation to FL-MNCs (supplemental Figure 1) . By contrast, a supervised analysis between non-DS-AMKL and normal CD34 1 cells revealed that epigenetic abnormalities in non-DS-AMKL are much less widespread than in DS-AMKL, with only 191 DMRs in relation to normal CD34 1 cells detected at the same significance cutoff. Furthermore, this aberrant methylation in non-DS-AMKL is characterized by an opposite pattern to that seen in DS-AMKL, with a predominance of hypermethylated DMRs (87% hypermethylated DMRs vs 13% hypomethylated DMRs) ( Figure 1C -D; supplemental Table 3 ). Next we performed a direct comparison of the DNA methylation profiles of DS-AMKL and non-DS-AMKL and identified 280 differentially methylated regions (FDR ,5% and methylation difference >30%) between the 2 types of AMKL (supplemental Table 4 ). These DMRs were annotated to 267 unique genes. This comparison revealed that DS-AMKL is not only hypomethylated in relation to normal CD34 1 cells, but it is also significantly hypomethylated relative to non-DS-AMKL ( Figure 1E ). Differential methylation between these 2 forms of AMKL-targeted genes is involved in key pathways such as the Breast Cancer-dependent DNA damage response pathway (CHEK1, E2F1, FANCM, and HLTF), the extracellular signal-regulated kinase (ERK5) signaling pathway (EGF, MEF2B, PRKCZ, and SGK1), and the B-cell translocation gene (BTG)-dependent regulation of cell cycle (BTG2, E2F1, and PPP2R2C), indicating that these differences may play a functional role in the development of AMKL in these 2 distinct biological contexts. In order to ensure that any differences in DNA methylation seen between non-DS-AMKL and DS-AMKL were not simply a reflection of age-related changes in DNA methylation, we next performed a direct comparison of the DNA methylation profiles of FL-MNC and normal CD34 1 cells. This analysis revealed that FL-MNC tend to have higher levels of promoter methylation than do normal CD34 1 bone marrow cells, with 81% (1599 out of 1965) of the DMRs being hypermethylated in FL-MNC in relation to the normal CD34 1 cells (supplemental Figure 2) . Notably, only 7 of 366 DMRs with greater methylation in normal CD34 1 cells overlapped with the hypermethylated DMRs from non-DS-AMKL (Fisher test P value: not significant). Thus, these higher levels of DNA methylation in FL-MNC cells lead us to conclude that the hypermethylation seen in non-DS-AMKL specimens in relation to DS-AMKL cannot be interpreted as an age-dependent effect reflecting the different age groups affected by these 2 disorders.
Aberrant hypomethylation in Down syndrome is detected early on in fetal liver mononuclear cells
In order to understand how aberrant DNA methylation patterns become established in DS-AMKL, we investigated the dynamic changes in these patterns throughout the evolution of development (B) Volcano plot representing the comparison of DS-AMKL blasts to normal CD34 1 cells. X-axis represents the difference in DNA methylation between the 2 groups, and the y-axis represents the statistical significance of the differences. Red dots denote DMRs with absolute log ratio difference .2 and FDR ,5%. (C) Heatmap representation of differentially methylated regions between normal CD34 1 cells (NBM) and non-DS-AMKL blasts. Each row represents a genomic region, and each column represents a sample. (D) Volcano plot representing the comparison of non-DS-AMKL blasts to normal CD34 1 cells. X-axis represents the difference in DNA methylation between the 2 groups, and the y-axis represents the statistical significance of the differences. Red dots denote DMRs with absolute log ratio difference .2 and FDR ,5%. (E) Heatmap representation of differentially methylated regions between non-DS-AMKL and DS-AMKL blasts. Each row represents a genomic region, and each column represents a patient sample.
of this disease. We first determined whether the sole presence of an isolated extra copy of chromosome 21 is sufficient to impact the epigenome prior to the acquisition of GATA1 and other mutations affecting TP53 and JAK3. For this we compared the DNA methylation status at promoter regions of FL-MNCs with normal karyotype to those obtained from fetuses harboring trisomy 21. This analysis revealed marked differences in the genome-wide DNA methylation profiles of trisomic cells in relation to the control cells. At a significance cutoff of an FDR ,5% and methylation difference >30%, we identified 846 DMRs annotated to 964 unique Refseq genes (supplemental Table 5 ). Of these DMRs, 99.4% (841 of 846) consisted of regions in which there was a loss of DNA methylation in the Tri21 FL-MNCs in comparison with the control FL-MNCs (Figure 2A-B) . Analysis of the chromosomal locations of the DMRs revealed that hypomethylated regions in Tri21 FL-MNC were not restricted to chromosome 21 but instead were distributed across all chromosomes. Only chromosome 17 showed a statistically significant enrichment of DMRs over background (Benjamini-Hochberg-adjusted Fisher test, P 5 .024), whereas no significant enrichment was detected for chromosome 21 ( Figure 2C) .
In order to confirm that the observed hypomethylation was dependent on the presence of the trisomic chromosome 21, we performed genome-wide DNA methylation analysis on CD41 1 cells isolated from a partial trisomic mouse model (Ts1Rhr) 32 that has been recently shown to promote DS-leukemogenesis in vivo. 13 Although this system displayed the same trend toward a hypomethylation phenotype as was observed in the human Tri21 FL-MNCs, aberrant methylation in the Ts1Rhr model was not as pronounced as in the human Tri21 FL-MNCs, with only 461 regions showing at least a 25% difference in methylation between the wild-type and trisomic cells. However, despite the difference in magnitude detected, the main effect on methylation was one of predominant hypomethylation in the trisomic cells, with 89% (411 of 461) of DMRs presenting with loss of methylation in these cells in relation to their wild-type counterparts ( Figure 2D ).
GATA1 mutant DS-TMD blasts acquire additional epigenetic abnormalities
Next we determined whether acquisition of GATA1 mutations, which lead to expression of the shorter isoform GATA1s, and the development of a DS-TMD phenotype have any impact on epigenetic patterns. For this purpose we compared the DNA methylation profiles of Tri21 FL-MNC, none of which carried mutations in GATA1, to those of GATA1s mutant DS-TMD. Detailed analysis of the DMRs acquired during the DS-TMD stage revealed that these additional epigenetic changes were predominantly in the form of gains of DNA methylation. Out of 400 DMRs identified between Tri21 FL-MNCs and DS-TMD blasts (FDR ,5% and methylation difference >30%), only 8.5% of them (n 5 34) corresponded to regions with decreased DNA methylation levels in the DS-TMD specimens. The remaining 366 DMRs (91.5%) all showed an increase in DNA methylation >30% at the DS-TMD stage in relation to the Tri21 FL-MNCs ( Figure 3A ; supplemental Table 6 ). In order to determine whether the changes seen during the Tri21 FL-MNC to DS-TMD transition represented new epigenetic abnormalities acquired at this stage, or whether they were simply caused by a reversal of the original loss of methylation seen at the Tri21 FL-MNC stage, we compared the 2 epigenetic profiles. We found that only 51 (13%) of the DMRs observed at the DS-TMD stage corresponded to regions that had originally become hypomethylated at the Tri21 FL-MNC stage to later become hypermethylated in the GATA1s mutant DS-TMD stage. The remaining 87% of DMRs represented new epigenetic abnormalities acquired at the DS-TMD stage ( Figure 3B ). These findings indicate that hypermethylation acquired at the DS-TMD stage occurs in the setting of persisting global hypomethylation, with only a few regions presenting with novel gains in methylation.
Sequential methylation changes target biologically relevant gene networks
Given that epigenetic abnormalities associated with the acquisition of GATA1 mutations are not only of a different nature, ie, gains in methylation, but also target a different set of genes than the hypomethylation seen associated with trisomy 21 in FL-MNCs, we sought to better understand the role that these epigenetic changes might play at these different stages. Using the Ingenuity Pathway Analysis software (Ingenuity Systems), we identified the top 10 gene networks targeted by aberrant hypomethylation in Tri21 FL-MNCs and those targeted by aberrant hypermethylation in DS-TMD blasts. Aberrant hypomethylation in trisomic FL-MNCs was associated mainly with gene networks involved in developmental disorders, including cardiovascular, neurological, and endocrine disorders, all of which form part of the developmental abnormalities of Down syndrome (Table 1; supplemental Table 7 ). Notably, when this analysis was performed using the hypomethylated DMRs identified in the Ts1Rhr mice, we also found an enrichment of gene networks involved in developmental disorders of the cardiovascular, endocrine, musculoskeletal, and digestive systems (supplemental Table 8 ). On the other hand, aberrant hypermethylation in DS-TMD more frequently targeted gene networks associated with hematological system development and cellular growth and proliferation, as well as cell signaling, cell death, and cell cycle, implicating these epigenetic abnormalities in the development of the leukemic phenotype (Table 2; supplemental  Table 9 ).
DS-AMKL blasts are epigenetically indistinguishable from DS-TMD blasts
Given the fact that many TMD cases likely go undiagnosed, it is unclear whether DS-AMKL is always preceded by a DS-TMD phase. Conversely, only about 20% of patients with diagnosed TMDs eventually develop DS-AMKL. In order to determine whether these 2 entities are epigenetically related, we performed a supervised analysis in which we compared the DNA methylation patterns of DS-TMD and DS-AMKL blasts. At an FDR cutoff of ,5% we failed to detect any statistically significant DMRs between these 2 groups. In order to determine whether this phenomenon was also observed at the gene expression level, we downloaded publicly available data from Bourquin et al 29 and performed a direct comparison of the gene expression profiles of DS-TMD blasts and DS-AMKL blasts. Only 7 genes were found differentially expressed at an FDR ,5% and a minimum fold change of 2. These findings demonstrate that DS-TMD and DS-AMKL are virtually identical, consistent with other reports that found relatively minor differences in gene expression levels between TMD and DS-AMKL. 33, 34 Moreover, although additional genetic lesions are likely present at the DS-AMKL stage, 14, 15, 35 they do not appear to have a significant impact on the transcriptional and epigenetic programs of these cells.
DS-related hypomethylation on chromosome 21 is linked to trisomic gene overexpression and affects the DS critical region and nearby neighboring regions
Next we focused our analysis on the DNA methylation changes seen on chromosome 21. This analysis revealed that aberrant hypomethylation on chromosome 21 observed in Tri21 FL-MNCs and persisting until the final DS-AMKL stage was more prominent on and around the DS critical region (DSCR) [35] [36] [37] (supplemental Figure 3) . In order to identify epigenetic changes in the DSCR that are directly related to the acquisition of an additional copy of chromosome 21 and that are independent of any additional epigenetic reprogramming secondary to malignant transformation, we examined DNA methylation differences of genes in the DSCR and neighboring regions between control FL-MNCs and Tri21 FL-MNCs. Among the genes in this region, POFUT2, BTG3, ATP5J, and GABPA were identified as hypomethylated by using our initial stringent criteria for differential methylation, ie, .30% difference in methylation ( Figure 4A ). In addition, CHAF1B, DYRK1A, SUMO3, USP25, BACH1, USP16, and RUNX1 also showed statistically significant changes in DNA methylation between these 2 groups, though these changes were of a smaller magnitude. Notably, DYRK1A and CHAF1B 13, 38 have previously been implicated in DS-leukemogenesis in human specimens and murine models of DS-AMKL. 13 In order to determine whether these changes in DNA methylation correlated with changes in gene expression levels in DSrelated malignancies, we analyzed the expression levels of these genes in the Bourquin et al expression data set. 29 With the exception of RUNX1, all of these genes showed significantly higher expression levels in both DS-AMKL and DS-TMD in relation to non-DS-AMKL ( Figure 4B ). In parallel, we performed gene set enrichment analyses using positional gene set MSigDB collections (c1) and revealed that genes localized in 21q22 band are the only ones, among the whole genome, that are significantly enriched in DS-AMKL samples from this same microarray dataset 29 (Figure 4C ). Taken together, these results show that DNA hypomethylation of specific chromosome 21 genes, included or not in the DSCR region, BLOOD, 3 OCTOBER 2013 x VOLUME 122, NUMBER 14 EPIGENETICS OF DOWN SYNDROME AMKL e37
For personal use only. on August 21, 2017. by guest www.bloodjournal.org From is correlated with changes in gene expression levels in DS-related malignancies, and the results suggest that the hypomethylation of this region is associated with an increased expression of trisomic genes that predispose and cooperate with GATA1s and other genetic abnormalities to foster TMD and DS-AMKL.
Discussion
DS-AMKL development is associated with a series of wellcharacterized sequential genetic events. 6 However, much less is known about the epigenetic changes that occur during this process. In the current study we report the first genome-wide DNA methylation study of DS leukemogenesis. Taking advantage of the multistep developmental process of DS-AMKL, we performed DNA methylation profiling at sequential stages of the disease. Our findings demonstrate that epigenetic deregulation in DS-AMKL leukemogenesis occurs in 2 distinct epigenetic "waves." The first wave of epigenetic reprogramming seems to be directly linked to the additional copy of chromosome 21, which results in genome-wide hypomethylation. This hypomethylation was detected in primary human Tri21 FL-MNC specimens, in DS-AMKL in relation to non-DS-AMKL, and in the Ts1Rhr murine model. Given that the Ts1Rhr mice are partially trisomic, it is possible that the difference in magnitude in hypomethylation observed between the primary human FL-MNCs and the partial trisomic cells in these animals is due to this difference and that a larger trisomic region, or even a full trisomy 21, is required to impose the full extent of the hypomethylation phenotype observed in the human trisomy 21 specimens. Comparable hypomethylation had been previously reported in normal peripheral blood leukocytes from DS patients. However, the extent of this hypomethylation and its impact on developmentally related gene regulatory networks was not previously recognized. 39 Notably, both the Ts1Rhr and Ts65Dn murine models of DS 40 have been linked to decreased intestinal polyp C21orf56, CDK2AP2, CUL2,   FAM107B, FAM117A, FAM158A, GMDS, HNF4A, IL11RA, JINK1/2, LSR,   MREG, MRPL18, NDUFV1, NUCB1, OAZ2, PABPN1, PPP1R3B, PRAF2,   RFPL2, SBNO2, SLC17A5, SLMO2, SPATA6, STOML2, TBC1D23, TEF,   THOC3, TLE3 Genes in the network with differential methylation are in boldface type. formation in the Apc min model. 41 This reduction is analogous to the reduced polyp formation described for the Apc min model in the Dnmt1 hypomorph background in which polyp formation was reduced in a Dnmt1 dose-dependent manner in comparison with Apc min Dnmt1 1/1 animals. 42 Similarly, despite their increased risk for the development of acute leukemias, DS patients have an overall reduced risk for developing cancers, in particular solid tumors. 43 Further studies will be required to determine whether or not the hypomethylation associated with the presence of trisomy 21 results in a protective effect against malignant transformation and if so, what the mechanism responsible for this phenomenon is. One attractive model is that hypomethylation may occur in DS due to overexpression of cystathionine b synthase, which can lead to lower S-adenosylmethionine levels. 44 The second wave of aberrant DNA methylation was detected in GATA1s mutant DS-TMD MNCs and consisted mainly of gains in methylation at a distinct set of target genes. Unlike hypomethylation associated with trisomy 21, which preferentially affected gene networks associated with developmental disorders such as those seen in DS, genes affected by aberrant hypermethylation in DS-TMD blasts were specific to hematological development and regulation of key cellular processes such as growth, proliferation, cell cycle regulation, and cell death. How trisomy 21 may lead to hypomethylation while GATA1 mutations result in hypermethylation remains unclear. These findings, however, indicate that these 2 waves of epigenetic reprogramming contribute to distinct aspects of DS abnormalities ( Figure 5) . Additional experiments will be required to functionally determine whether the predisposing role of the additional chromosome 21 to leukemogenesis is mediated through this trisomy 21-driven hypomethylation, as well as to further define the precise nature of the epigenetic changes in sorted subpopulations (hematopoietic stem cell and MEP) obtained from the different Genes in the network with differential methylation are in boldface type.
BLOOD, 3 OCTOBER 2013 x VOLUME 122, NUMBER 14 EPIGENETICS OF DOWN SYNDROME AMKL e39 specimen types collected in this study. Notably, an analysis of GATA1 and GATA1s occupancy by ChIP-seq 45, 46 failed to show substantial enrichment at regions that acquired hypermethylation in GATA1s mutant specimens (data not shown). These findings indicate that epigenetic reprogramming during DS-AMKL development is not mediated through binding of GATA1/GATA1s to its target regions. Whether transcription factors or chromatin modulators downstream of GATA1 may be responsible for the specific gains of DNA methylation remains a possibility. The general pattern of global hypomethylation with focal hypermethylation at promoter regions in cancer has been recognized for many years. 47 However, the precise sequence in which this pattern is established is not clear, and whether an initial wave of hypomethylation followed by acquisition of genetic abnormalities and focal hypermethylation as described here are also observed in other tumors is yet unknown.
Previous studies of epigenetic abnormalities in myelodysplastic syndromes have shown that more aggressive forms of the disease are associated with more intense epigenetic abnormalities. 48 However, this was not the case in the current study, in which the DNA methylation patterning in DS-TMD MNCs was indistinguishable from that of DS-AMKL MNCs. Likewise, a direct comparison of the transcriptional profiles of these 2 types of blasts also identified few significant differences between TMD and DS-AMKL. In 1 study, the 2 populations could be separated only by supervised clustering using a small set of differentially expressed genes. 33 A second study reported only 67 genes whose expression was significantly different in the TMD vs DS-AMKL. 34 Given the almost identical transcriptional and epigenetic profiles of these 2 entities, it is possible that the initial clearance of DS-TMD blasts with subsequent reappearance in the DS-AMKL phase may be due to the effect of extrinsic factors that might be correlated to different hematopoietic niches in bone marrow vs fetal hematopoiesis.
Another interesting finding is that a specific region of the chromosome 21 around the DSCR remains hypomethylated during the whole process of DS-leukemogenesis, whereas from the TMD stage onward, additional changes in methylation are dominated by hypermethylation. This region has been specifically associated to DS-AMKL development using human specimens with segmental trisomy 21, 38 gene expression profiling 29, 49 and animal models. 13 We correlated this hypomethylation to the overexpression of genes contained in this region including DYRK1A, which has been shown to cooperate with Gata1s and MPL W515L expression to promote DS-AMKL in vivo. 13 Notably, only a small fraction of the chromosome 21 genes were upregulated in the DS-AMKL and DS-TMD specimens in relation to non-DS-AMKL, indicating that upregulation of these genes is not simply the result of the increased copy number due to the trisomy. Taken together, these observations strongly suggest that the observed epigenetic memory of hypomethylated DSCR genes is submitted to a selective pressure required for DS-leukemogenesis.
In summary, our study shows that the genetic changes linked to the specific stages in DS-AMKL are associated with distinct sets of changes in DNA patterning. Whether the epigenetic pattern changes contribute to disease or simply reflect the underlying genetic lesions remains to be determined. In support of a pathogenic role of the aberrant gene methylation, it is notable that the earlier changes associated with hypomethylation tended to affect developmental pathways comprising Down syndrome. The later acquired changes in methylation in cell cycle control pathways also support the idea that the changes in DNA methylation are a cause and not an effect of disease. The mechanisms through which these epigenetic changes become established are yet to be identified and require careful consideration of the genes in the critical region of chromosome 21 as well as pathways downstream of GATA1, because GATA1 target genes were not among the hypermethylated sites in TMD and DS-AMKL. Figure 5 . Model of sequential genetic and epigenetic events associated with DS-AMKL development. Two distinct waves of epigenetic reprogramming were detected. The first wave, which happens upon acquisition of an additional copy of chromosome 21, results in genome-wide hypomethylation and affects genes involved in developmental processes. The second wave, detected in DS-TMD blasts, results in hypermethylation of genes involved in hematological disorders and regulation of key cellular processes. No additional epigenetic changes are detected upon progression to DS-AMKL, but DS-AMKL blasts are hypomethylated in comparison with NBM CD34 1 and non-DS-AMKL blasts. BLOOD, 3 OCTOBER 2013 x VOLUME 122, NUMBER 14 EPIGENETICS OF DOWN SYNDROME AMKL e41
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